Aim To determine the response of the lamina cribrosa (LC) and prelaminar tissue to a reduction of intraocular pressure (IOP) after nonpenetrating deep sclerectomy (NPDS) using enhanced depth imaging (EDI) spectral domain optical coherence tomography (SD-OCT). Methods A total of 28 eyes from 28 patients presenting with primary open angle glaucoma who underwent NPDS were studied. SD-OCT scans using EDI technology were obtained before surgery and 1 week, 1 month, and 3 months postoperatively. The OCT device was set to image a 15 Â 101 vertical rectangle centred on the optic disc. The scan closest to the optic nerve head (ONH) centre was selected for analysis. The vertical distances from three equidistant points on the reference line (Bruch's membrane opening) to the anterior prelaminar tissue surface and the anterior and posterior surfaces of the LC were measured. Results The IOP decreased from 18.7 ± 4.3 to 9.1±4.0 at the first week, 11.4±3.7 at 1 month, and 13.1±3.6 mm Hg at 3 months postoperatively (Po0.001). There was a significant reduction of the ONH cupping at 1 week (22.3%, Po0.001), 1 month (13.7%, Po0.001), and 3 months (9.8%, P ¼ 0.001) after surgery. Anterior displacement of the LC was slight but statistically significant at 1 week (4.5%, P ¼ 0.003), 1 month (3.8%, P ¼ 0.014), and 3 months postoperatively (3.3%, P ¼ 0.010). IOP reduction was significantly correlated with a reduction of ONH cupping and anterior displacement of LC at the first week and first month (Po0.05). Conclusions Cupping reversal after NPDS is mainly due to changes in prelaminar tissue thickness, whereas the LC changes in position are less pronounced.
Introduction
The lamina cribrosa (LC) is thought to have an essential role in the physiopathology of glaucoma. 1, 2 It is composed of a delicate net of connective tissue through which the axons of the retina ganglion cells exit the eye and provides both structural and functional support for the axons while constituting a barrier between the high-pressure intraocular environment and the low-pressure retrobulbar space. 3 The evolution in imaging devices during the last few decades has allowed for a better understanding of the optic nerve head (ONH) structure. Optical coherence tomography (OCT) is a high-resolution imaging technique that applies the principle of interferometry to acquire in vivo measurements of retinal nerve fibre layer (RNFL) thickness. It has progressed from the initial temporal domain devices to spectral domain (SD) OCT, offering increased speed and resolution for imaging. Enhanced depth imaging (EDI) technology has led to a revolution in the study of deeper eye structures, such as the choroid and the LC. [4] [5] [6] It allows visualisation of the LC underneath the neuroretinal ring and provides high resolution images similar to those obtained by histology. This technique has been used to evaluate the LC in both normal and glaucomatous subjects. 7, 8 The LC is a dynamic structure that is modified by intraocular pressure (IOP) changes. Optic disc cupping reversal after IOP reduction has been documented in several studies by photography and confocal scanning laser tomography. [9] [10] [11] [12] In the last few years, the advent of the newest OCT devices has improved evaluation of these changes, including the visualisation of the posterior face of the LC. Recently, some studies have reported changes in ONH morphology after trabeculectomy and tube shunt implantation that were assessed by the OCT with EDI technique. [13] [14] [15] However, to the best of our knowledge, the changes in ONH morphology after nonpenetrating deep sclerectomy (NPDS) glaucoma surgery have not yet been reported.
The current study evaluates changes in the thickness and relative position of laminar and prelaminar tissues in the ONH after IOP lowering by NPDS glaucoma surgery as observed by EDI SD-OCT. Contrary to trabeculectomy or tube shunt implantation, NPDS avoids a sudden ocular decompression. A gentler rate of IOP drop may influence the response of the ONH to pressure changes. The main purpose of this study is to assess the changes in ONH cupping after NPDS and evaluate whether this change depends predominantly on laminar or prelaminar modifications.
Materials and methods

Participants
Patients with primary open angle glaucoma (POAG) who had been clinically selected for NPSD between January and October 2012 were selected for enrolment in this prospective, observational study. A total of 41 out of the 50 patients initially selected agreed to participate. The study was approved by Hospital Ramón y Cajal Review Board. All participants provided written informed consent according to the Declaration of Helsinki.
To be included, patients were required to have a best corrected visual acuity better than 20/70. POAG was defined by the presence of glaucomatous optic disc damage (localised or diffuse neuroretinal rim thinning or RNFL defect) associated with typical, reproducible visual field defects, defined as glaucoma hemifield test results outside normal limits on at least two consecutive visual field tests within a 6-month period or the presence of at least three contiguous test points within the same hemifield on the pattern deviation plot at Po0.01, with at least one point at Po0.005. Visual field test reliability indices better than 25% were required to be included in the study.
Glaucomatous eyes comorbid with optic disc drusen, anterior ischaemic optic neuropathy, retinal diseases such as retinal vessel occlusion or diabetic retinopathy, or neurologic diseases such as pituitary tumour were excluded. Eyes were also excluded if they had a history of ocular surgery other than cataract extraction or if a good-quality image (ie, quality score 15) could not be obtained. Patients unable to cooperate with the imaging protocol due to ocular fixation issues were excluded. Patients presenting an IOP r3 mm Hg at the first week postoperative follow-up were excluded to avoid measurement artefacts.
Image acquisition protocol
The optic disc was evaluated using Spectralis OCT (Heidelberg Engineering GmbH, Heidelberg, Germany) and the EDI technique. The OCT device was set to image a 15 Â 10 degree vertical rectangle centred on the optic disc. Thirteen cross-section scans were obtained, which were B120 mm apart. Each section had 70 OCT frames averaged. Images were obtained through undilated pupils during the preoperative period (between 10 and 1 days preoperatively) and 1 week, 1 month, and 3 months postoperatively. Images of the postoperative period were obtained with the 'Follow-up' protocol provided by Spectralis OCT, allowing the evaluation of changes at the same location.
Measurement of the thickness and relative position of the LC and prelaminar tissue
One vertical scan that was the closest to the ONH centre and did not include any main vessels (retina central artery or vein) was selected from the preoperative images. The same scan was analysed in subsequent exams. A reference line connecting Bruch's membrane opening (BMO) was drawn using the calipers provided by the Spectralis OCT software. Three equidistant points, corresponding to one-half and one-thirds of the reference, were highlighted at the reference line. They were selected because of their reproducibility and because they would avoid measurement on the neuroretinal rim. Vertical lines connecting these three points on the reference line to the anterior face of the prelaminar tissue and the anterior and posterior surfaces of the LC were obtained and measured. ONH excavation was defined as the average of the length of the three lines connecting the reference line to the anterior face of the prelaminar tissue. Relative LC position was defined as the average of the length of the three lines connecting the reference line to the anterior face of the LC. Prelaminar tissue thickness was defined as the difference between the position of the anterior face of the prelaminar tissue and the anterior face of the LC. LC thickness was defined as the difference between the position of the anterior and posterior faces of the LC.
All of the measurements were carried out by the same observer (C.B.J.). The observer was blind to the clinical parameters and the time period (preoperative or follow-up) for each scan when assessing them. To evaluate intraobserver reproducibility, 16 randomly selected scans were remeasured by the same observer, and the intraclass correlation was calculated.
Statistical analyses
Statistical analyses were performed using SPSS software (version 16.0; SPP Inc., Chicago, IL, USA). The calculated power of the study was 80% when designed. Given the small sample size, the nonparametric test was used. Po0.05 was considered significant.
The preoperative and postoperative amount of prelaminar and laminar relative position and thickness were compared using the non-parametric Wilcoxon test. Spearman correlation analyses were performed to adjust the changes found in the ONH to other factors such as IOP, RNFL thickness, mean perimetry deviation, age or axial length (AL).
Results
We enrolled 28 eyes from 28 patients (53.6% women) undergoing NPDS with a mean age of 66.5±11.9 years. The mean central corneal thickness was 538.8 ± 28.2 mm, the preoperative mean perimetry deviation was À 14.8 ± 8.7 dB, the mean RNFL thickness was 60.6 ± 16.6 mm, and the mean AL was 24.3 ± 2.5 mm (Table 1) .
From the 41 patients initially enrolled, 13 had to be excluded. Seven patients were excluded owing to poor image quality. Four patients were excluded owing to intraoperative rupture of the trabeculo-Descemet's membrane. Two patients were excluded owing to postoperative severe hypotony (IOP r3 mm Hg at the first week postoperative follow-up).
There was a statistically significant decrease in the mean IOP from 18.7±4.3 mm Hg to 9.1±4.0 at the first week, 11.4±3.7 at 1 month, and 13.1±3.6 mm Hg at 3 months postoperatively (Po0.001) ( Table 2 ).
The intraclass correlation coefficients for measurement of the ONH excavation and position of the anterior and posterior surfaces of the LC were 0.999, 0.978, and 0.564, respectively. Although the posterior surface of the LC was seen in most of the images, determination of its precise limits was difficult in many instances. Owing to a low correlation coefficient at the measurement of the posterior surface of the LC, this parameter was not analysed any further in this study.
We observed a significant reduction of the ONH excavation at 1 week (22.3%, Po0.001), 1 month (13.7%, Po0.001), and 3 months after surgery (9.8%, P ¼ 0.001). Anterior displacement of the LC was limited but statistically significant at 1 week (4.5%, P ¼ 0.003), 1 month (3.8%, P ¼ 0.014), and 3 months postoperatively (3.3%, P ¼ 0.010). Prelaminar tissue thickness significantly increased at the first week (23.6%, Po0.001), the first month (9.9%, Po0.003), and the third month postoperatively (6.4%, Po0.016). (Table 2 , Figure 1) .
The mean diameter of the BMO was 1649.6 (329.8) mm. No significant changes during the follow-up at the first week (P ¼ 0.475), first month (P ¼ 0.648), and third month (P ¼ 0.966) were observed. We did observe a slight increase (1.82 mm) in RNFL thickness within the first week (P ¼ 0.013). This change was reversed in the first (P ¼ 0.292) and third months (P ¼ 0.793) ( Table 2) .
Using Spearman correlation analysis, we found a positive correlation between IOP reduction and the reduction of ONH excavation at 1 week (0.398, P ¼ 0.036) and at 1 month (0.502, P ¼ 0.006). LC anterior displacement also showed a correlation with IOP reduction at 1 week (0.435, P ¼ 0.021) and 1 month (0.417, P ¼ 0.027). These changes were not statistically significant at the third month (P ¼ 0.408, P ¼ 0.483). IOP reduction and increased prelaminar tissue thickness were not statistically correlated (1 week: 0.190, P ¼ 0.333; 1 month: 0.239, P ¼ 0.221; 3 months: 0.159, P ¼ 0.449). No significant correlation was found between the structural changes in ONH and age, AL, RNFL thickness, or pachymetry at any follow-up time (Table 3) .
Discussion
Optic nerve cupping reversal after acute reduction of IOP has long been described in patients undergoing surgery or after medical treatment. [10] [11] [12] These changes might be due to an increase in the prelaminar tissue thickness, an anterior displacement of the LC or a combination of both features. Different authors have supported different hypotheses regarding this controversy.
Parrish II et al 10 studied the effect of IOP lowering in the ONH, assessing baseline and 5 -year follow-up stereoscopic disc photographs in POAG patients. Eyes that received surgical treatment and those with lower postoperative IOP were more likely to develop cupping reversal. They suggested that the reversal likely followed an anterior movement of the LC and papillary changes with the possibility of a thickening of the prelaminar neural tissue.
In a series of 35 glaucoma patients undergoing trabeculectomy, Lee et al 13 found that the reversal of optic nerve cupping was primarily a result from the anterior movement of the LC, although the changes in prelaminar tissue and LC thickness were less remarkable. Reis et al 15 suggested that the prelaminar tissue thickening and anterior displacement of the LC are both responsible for the changes in the ONH after IOP reduction secondary to trabeculectomy or tube shunt implantation.
Those changes were more remarkable at the 1-and 3-month follow-ups, in accord with the greater IOP reduction observed at these time points.
Our results show that the morphological changes in ONH after NPDS represent mostly decompression of the prelaminar tissue, as well as a mild anterior laminar displacement. Agoumi et al 16 have previously reported the opposite ONH changes after acute IOP elevation (compression of prelaminar tissue with limited posterior displacement of LC), which supports the same hypothesis.
The correlations between the changes in the position and thickness of the LC and the prelaminar tissue and IOP variation have already been studied, showing variable results. There are some differences among the studies that might explain the different results. Lee et al 13 reported that cupping reversal was mainly a result from the anterior movement of the LC. However, Reis et al 15 found that prelaminar tissue thickening and anterior displacement of the LC are both responsible. In the current study, both the mean preoperative IOP (18.7 vs 27.2 mm Hg) and the mean postoperative reduction (9.6 vs 16.7 mm Hg) were lower compared with Lee's study. On the contrary, IOP measurements were comparable to Reis' study (mean preoperative IOP 18.1 mm Hg; mean postoperative reduction 6.7 mm Hg). Moreover, our patients underwent NPDS surgery, which generally produces a lower IOP reduction compared with trabeculectomy or tube shunt implantation. [17] [18] [19] This suggests that the LC displacement is associated with larger IOP reductions, whereas milder changes primarily affect the prelaminar tissue. However, Lee et al also included 12 patients who had preoperative IOPs within the normal range (18.2 mm Hg), and they found significant cupping reversal and anterior displacement of the LC. In contrast to our study, they do not describe remarkable changes in the prelaminar tissue thickness. This variability in the ONH response to IOP reduction could be due to small sample sizes, the surgical technique or to the presence of coexisting modifying factors.
One of the advantages of NPDS is that it avoids sudden decompression of the IOP, which is a more characteristic feature of other glaucoma surgeries like 20, 21 Our patients suffered an IOP drop from an average of 18.7 to 9.6 mm Hg in the Figure 1 Images obtained preoperatively (a1, a2), and at 1 week (b1, b2), 1 month (c1, c2), and 3 months (d1, d2) postoperatively. The IOP decreased from 18 to 6 mm Hg at 1 week, 13 mm Hg at 1 month, and 14 mm Hg at 3 months after surgery. a reference line connecting the termination of bruch's membrane was set (horizontal lines). Three vertical lines connecting points from the reference line to cup surface (a1, b1, c1, d1) and to the anterior surface of the Lc (a2, b2, c2, d2) were measured (vertical lines). Thickening of the prelaminar tissue (red arrow) and cupping reversal are noticeable in b1, but laminar displacement is mild (b2). Prelaminar thickness and cup excavation decreased at 1 month (c1, c2) and 3 months postoperatively (d1, d2).
first postoperative week. This is a relatively decent decompression, but is not an uncommon result in NPDS surgeries. A pressure of around 5 mm Hg in the early postoperative days is generally a favourable predictive factor for a successful operation, indicating that the dissection was carefully and efficiently performed.
However, this initial hypotony should not be prolonged for 41 or 2 weeks. 20 In our study, patients with postoperative IOP r3 mm Hg at the first week or Descemet membrane rupture were excluded from the analysis of the data. We agree that one of the main advantages of NPDS is the avoidance of hypotony, but even if uncommon, it is a possible postoperative complication. To prevent any loss in the data validity, those two cases where excluded. We believe that the different surgical technique might be one factor explaining the different results in the postoperative ONH changes between our work and Lee's and Reis' studies. Trabeculectomy and tube shunt implantation, producing a rapid ocular decompression, could induce greater changes in the LC position. NPDS, producing a gradual IOP drop, might generate a milder anterior displacement of the LC. Consequently, even if there might be certain correlations between IOP reduction and structural changes, LC displacement could be dependent on multifactorial variables such as the magnitude of the IOP changes, the surgery technique or the baseline ONH configuration.
Our study suggests that early cupping reversal is mainly due to a postoperative increase in prelaminar tissue. However, unlike the reduction of ONH excavation and LC anterior displacement, the increase in prelaminar tissue did not show a statistical correlation with IOP reduction. Once again, we believe that multifactorial causes account for the variable response of prelaminar tissues to IOP reduction. The main factor could be the presence of postoperative oedema; however, we do not believe that the presence of papillary oedema was the principal cause of postoperative prelaminar tissue thickening given that the average RNFL thickness only changed by 1.82 mm within the first week (preoperative mean RNFL: 60.68 ± 16.6 mm, 1 week postoperative mean RNFL: 62.5 ± 17.4 mm, P ¼ 0.013). Individual responses to ocular inflammation and surgery can modify the presence of oedema. Other influencing factors in the response of prelaminar tissue to IOP reduction could be the preoperative prelaminar tissue thickness, preoperative RNFL thickness or degree of glaucoma damage.
We found a positive correlation between the mean deviation at perimetry and the reduction of excavation (Pearson coefficient 0.963, P ¼ 0.037) and between the mean deviation and increased prelaminar tissue thickness (Pearson coefficient 0.969, P ¼ 0.031), both within the first week. Therefore, patients showing less glaucoma damage presented a higher reduction in ONH excavation. Structural changes of the LC and its surrounding tissues during the development and progression of glaucoma have already been described. 22, 23 On the other hand, we did not find significant statistical correlation between structural changes and preoperative prelaminar thickness or RNFL thickness.
Age could be another modifying factor in the response of the ONH. The mean age in our study (66.5 years) was comparable to that in Reis' study (71.4 years) but was remarkably older than that for Lee's sample (52.6 years). Several studies have suggested that the LC is stiffer in older ONHs. 24, 25 This lower elasticity might be the cause of the reduced anterior LC displacement that we found, compared to Lee's study. However, we did not find a correlation between age and structural changes in our series.
Our study included seven myopic eyes (25.0%) having an AL over 25 mm (27.24 ± 3.37 mm, range 25.02-34.69 mm). LC thickness has been reported to not correlate with AL in healthy eyes, 26 but the LC could have different elasticity properties in myopic eyes and therefore respond differently to IOP changes. In highly myopic eyes, the LC is significantly thinner than in nonhighly myopic eyes, which decreases the distance 
Bold numbers show statistical significance.
Cupping reversal after NPDS C Barrancos et al between the intraocular space and the cerebrospinal fluid space and steepens the translaminar pressure gradient at a given IOP. This has been presented as an explanation for the increased susceptibility to glaucoma in highly myopic eyes. 27 In the current study, no correlation was found between AL and structural changes. This study has some limitations. First, our follow-up finished at the third month, as we did not expect to find significant changes over the medium term because the reversal of the changes observed at the first week occurred mainly within the first month, and remarkable changes were not observed at the third month.
Second, even if pre-and postoperative scans were acquired at the same location using the 'follow-up' acquisition protocol, the reference line was set manually, which may affect the obtained measurements. There might be slight changes in the position or angle of the reference line, thus introducing a measurement error. However, we did not find an angle misalignment 4101, most likely because the measurements were masked, thus reducing the possibility of biases.
Third, the laminar structures were assessed on one vertical scan selected at the centre of the ONH, while the remaining peripheral scans were not evaluated. Even though a global evaluation of the ONH would have been desirable, we believe that this scan is representative due to the consistency of the measurement technique used in this study; the same segment of the ONH was evaluated both pre-and postoperatively, allowing us to assess the structural changes at overlapping points.
Fourth, only 28 patients completed the study. A larger sample would be desirable to strengthen the results of the study, but we believe that our data provides an initial approach to understanding the effects of NPDS on the ONH. To our knowledge, the changes in ocular parameters after deep sclerectomy have not been previously reported. Without a control population, we cannot completely dismiss any temporal fluctuation in non-surgical patients, but we have not clinically observed these changes in our practice.
Our findings suggest that early cupping reversal after NPDS is mainly due to changes in prelaminar tissue thickness, whereas the LC changes in position are less pronounced. We suggest that the prelaminar tissue might act similar to a buffer for pressure changes. It compresses when the IOP increases and becomes thicker when IOP decreases. Further studies are needed to determine the influence of several factors on the long-term response of the ONH structures to IOP changes.
Summary
What was known before K Lamina cribrosa changes after trabeculectomy and tube shunt implantation have already been described.
K They found that reversal of the optic disc cupping is mainly due to an anterior displacement of the lamina cribrosa.
What this study adds K We study the changes in the lamina cribrosa and prelaminar tissue after deep sclerectomy.
K We suggest that cupping reversal after deep sclerectomy is mainly due to changes in prelaminar tissue thickness, whereas the LC changes in position are less pronounced.
